Large-scale chemical lateral heterogeneities are inferred in the Earth's lowermost mantle by seismological studies. We explore the model space of thermochemical convection that can maintain reservoirs of dense material for a long period of time, by using similar analysis in 3-D spherical geometry. In this study, we focus on the parameters thought to be important in controlling the stability and structure of primordial dense reservoirs in the lower mantle, including the chemical density contrast between the primordial dense material and the regular mantle material (buoyancy ratio), thermal and chemical viscosity contrasts, volume fraction of primordial dense material and the Clapeyron slope of the phase transition at 660 km depth. We find that most of the findings from the 3-D Cartesian study still apply to 3-D spherical cases after slight modifications. Varying buoyancy ratio leads to different flow patterns, from rapid upwelling to stable layering; and large thermal viscosity contrasts are required to generate long wavelength chemical structures in the lower mantle. Chemical viscosity contrasts in a reasonable range have a second-order role in modifying the stability of the dense anomalies. The volume fraction of the initial primordial dense material does not effect the results with large thermal viscosity contrasts, but has significant effects on calculations with intermediate and small thermal viscosity contrasts. The volume fraction of dense material at which the flow pattern changes from unstable to stable depends on buoyancy ratio and thermal viscosity contrast. An endothermic phase transition at 660 km depth acts as a 'filter' allowing cold slabs to penetrate while blocking most of the dense material from penetrating to the upper mantle.
I N T RO D U C T I O N
Seismological observations indicate that the Earth's lowermost mantle (>2400 km depth) is strongly heterogeneous at a large scale (>1000 km). In particular, two large low shear wave velocity provinces (LLSVPs), in which the shear wave velocity decreases by a few per cent compared to the average mantle, are present beneath the Pacific and Africa (e.g. Su et al. 1994; Li & Romanowicz 1996; Ni et al. 2002; Wang & Wen 2007; Houser et al. 2008; Ritsema et al. 2011; He & Wen 2012) . Palaeomagnetic reconstructions of the locations of large igneous provinces (e.g. Torsvik et al. 2008) , and the amplitude of true polar wandering (e.g. Dziewonski et al. 2010) suggest that LLSVPs have remained at these locations during at least the past 300 Myr.
The nature of these heterogeneities is still unclear. Several studies (e.g. Schuberth et al. 2009 Schuberth et al. , 2012a Davies et al. 2012) argue for a dominantly thermal interpretation, whereas other studies (e.g. Deschamps & Trampert 2003 ) prefer a thermochemical interpretation. Several lines of evidence from various data sets, including the anticorrelation between bulk-sound and shear wave velocity anomalies (Ishii & Tromp 1999; Masters et al. 2000; Trampert et al. 2004; Mosca et al. 2012) , support a thermochemical origin. It was recently suggested that this anticorrelation may result from wave propagation effects (Schuberth et al. 2012b) , or might be related to the phase change from perovskite to post-perovskite in the lowermost mantle . Because the anticorrelation between V S and V anomalies is also observed by normal mode data (Ishii & Tromp 1999; Trampert et al. 2004; Mosca et al. 2012) , which are not affected by wave propagation effects and further show a correlation between density and seismic velocity anomalies, and because the post-perovskite hypothesis fails to predict large-scale structures, the thermochemical hypothesis appears more likely. The detailed nature of chemical heterogeneities is still under debate, the two main hypothesis being that they result either from the evolution of primordial reservoirs of dense materials formed by differentiation early in the Earth's early history (e.g. Solomatov & Stevenson 1993; Labrosse et al. 2007; Lee et al. 2010; Tolstikhin et al. 2006) , or from accumulation of subducted oceanic crust above the core-mantle boundary (CMB, e.g. Gurnis & Davies 1986; Christensen 1989; Christensen & Hofmann 1994) . Recently, it was proposed that small fractions of recycled mid-ocean ridge basalt (MORB) may be episodically incorporated in pre-existing primordial reservoirs (Tackley 2012) , which is supported by high-resolution 2-D Cartesian models of convection (Li et al. 2014) . In this study, we assume that chemical heterogeneities are related to reservoirs of primordial dense material, and we investigate the stability and structure of these primordial reservoirs.
Several studies (e.g. Tackley 1998; Davaille 1999; Tackley 2002; McNamara & Zhong 2004; Oldham & Davies 2004; Deschamps & Tackley 2009 ) have shown that, the buoyancy ratio (B), measuring the density contrast between the dense and regular materials relative to the density contrast due to thermal expansion, is the most important parameter controlling the stability of the dense material in the mantle. High values of B lead to global chemical stratification in which the dense material covers the entire CMB and the interface is almost horizontal, whereas low values of B leads to rapid mixing. In the case of the Earth's mantle, a global chemical stratification is not desired because it is not observed on 1-D radial seismic models. To avoid stratification and rapid mixing, moderate buoyancy ratio and some additional ingredient are needed. 3-D Cartesian numerical experiments have indicated that a large thermal viscosity contrast allows pools of dense material to be maintained for periods of time comparable to the age of the Earth (Deschamps & Tackley 2008) . In contrast, the influence of the volume fraction of dense material was found to be of second order (Jaupart et al. 2007; Deschamps & Tackley 2009 ). The effects induced by an endothermic phase transition at 660 km depth (ringwoodite to perovskite and magnesiowustite) have been studied in various geometries. An interesting effect of this phase transition is to strongly filter the dense material flowing from the lower mantle to the upper mantle (Weinstein 1992; Deschamps & Tackley 2009; van Summeren et al. 2009; Deschamps et al. 2011) .
Here, we extend the systematic search from the previous studies in 3-D cartesian geometry (Deschamps & Tackley 2008 to spherical geometry, which is the natural geometry of the Earth, by exploring the effects of buoyancy ratio (B), thermal and chemical viscosity contrasts ( η T , η C ), volume fraction of primordial dense material (X vol ), and Clapeyron slope of the 660 km phase transition ( 660 ) on the stability and structure of the primordial dense reservoirs.
E X P E R I M E N TA L S E T U P
We performed numerical experiments using StagYY (Tackley 2008), which solves the conservation equations of mass, momentum, energy and composition for an anelastic, compressible fluid with infinite Prandtl number. Calculations are performed in 3-D spherical geometry on the Yin-Yang grid (Kageyama & Sato 2004) . The grid is radially parametrized on 64 nodes, the radial increment being refined at the top and at the bottom of the mantle. At each depth, the resolution of the Yin (Yang) grid is 64×192 (192×64) points, leading to a total resolution of 64×192×64×2 points. The curvature of the shell is controlled by the ratio between the core and total radii,
which we here fix to f = 0.55, corresponding to the Earth's mantle's value. The top and bottom boundaries are free-slip and isothermal. The system is heated both from the bottom and from within, and the heating rate of the primordial material is increased by a factor 10 compared to the regular mantle material, accounting for the fact that MORB source region is depleted in radiogenic elements (Kellogg et al. 1999) . Compressibility involves depth-dependence of physical properties (density, thermal expansivity and thermal conductivity), and induces additional sources and sinks of heat (viscous dissipation and adiabatic heating/cooling) that are controlled by the dissipation number, Di, which depends on the thermal expansion and thus varies with depth. In our calculations, the surface and volume average value of the dissipation number are Di s = 1.2 and Di = 0.39, respectively. Physical parameters are listed in Table 1 .
Viscosity depends on temperature, depth and composition. The depth-dependence consists of an exponential increase with depth, plus a viscosity jump by a factor 30 at a depth of 660 km (corresponding to a non-dimensional height above the CMB h = z/D = 0.76). The viscosity is fully described by
where η 0 is a reference viscosity, H is the Heaviside step function, T off the temperature offset (here equals to 2200 K) and D the mantle thickness. The viscosity variations with depth and temperature are controlled by V a and E a , respectively, modelling the activation volume and energy. Note that, the top to bottom thermal viscosity contrast is defined as η T = exp(E a ), but due to the temperature offset, the effective viscosity variations due to temperature variations is smaller than η T . The viscosity variations with composition is controlled by the parameter K a , the viscosity jump between dense and regular material being η C = exp(K a ). To avoid numerical difficulties, the viscosity was truncated between 10 −5 and 10 5 . As an example, we display the viscosity profile for our reference case (Section 3.1) in Supporting Information Fig. S1 .
As an input, we define the surface Rayleigh number:
where g is the acceleration of gravity, D the mantle thickness and κ s the surface thermal diffusivity. The surface Rayleigh number remains constant during the entire run, and in all the calculations shown in this paper we prescribed Ra s = 10 9 . In contrast, the effective Rayleigh number Ra eff calculated with volume-averaged properties varies with time, but remains in the range of 10 6 to 3 × 10 6 . Composition is tracked with a collection of Lagrangian tracer particles (Tackley & King 2003) . Two types of tracers are used, tracking dense and regular materials, respectively, with a total of 24 million tracers in each experiment. The volume fraction of dense material X vol is varied between 2.5 and 15 per cent. Large values (10 per cent and more) of X vol are unrealistic in the case of the Earth's mantle, and we considered such values only to investigate in details the influence of X vol . The compositional field is obtained by calculating the concentration C of dense tracers in each cell. C varies between 0 for a cell filled with regular material only, and 1 for a cell filled with dense material only. The density difference between the dense and regular materials is controlled by the buoyancy ratio:
where ρ C is the density difference between the dense and regular material, α s is the thermal expansion at surface, ρ s is the average density at surface and T s is the superadiabatic temperature difference across the mantle. The initial condition for temperature is an adiabatic profile on which thin thermal boundary layers at the top and the bottom, and small random 3-D perturbations are added. The dense material is initially located at the base of the shell in a uniform layer of nondimensional thickness h DL , which is calculated from the volume fraction of dense material (X vol ) and the geometry (f).
To estimate the time of the onset of instability of the dense layer, we use the method defined in Deschamps & Tackley (2008) , which is based on the evolution of the average non-dimensional altitude of dense material:
For stable layering, h c remains constant in time at a × h DL , (where a is a geometrical constant depending on the curvature of the shell), and h DL is the initial thickness of the dense layer. As the layer gets unstable, h c increases. More importantly, h c is a good measure of the degree of mixing of the system at each stage of the experiment. Values of h c around a × h DL indicates stable layering, whereas for efficient mixing one gets
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R E S U LT S

Reference case
For comparisons, we define a reference case (here, referred to as case 1) with the following properties: a buoyancy ratio of 0.30, corresponding to a density contrast of 120 kg m −3 , and a viscosity that varies both with depth (V a = 4.603) and with temperature (E a = 20.723). The chemical viscosity contrast is set to 1, that is the dense material and regular material have the same viscosity, all other parameters being the same. At the upper/lower mantle boundary we impose a viscosity jump of factor 30, and a phase transition with a non-dimensional Clapeyron slope of −0.0668, corresponding to −2.5 MPa K −1 . The initial volume fraction of primordial dense material is 3.5 per cent.
In this reference case, after the onset of the convection two large reservoirs of dense material are generated at the bottom of the shell and survive convection (Fig. 1a) . The power spectrum of chemical anomalies is dominated by large-scale structures, that is low spherical harmonic degrees (Fig. 1b) . The dense reservoirs can survive mantle convection (i.e. they are not re-entrained by the flow) for a period of time larger than the age of the Earth. Plumes are generated at the top of these reservoirs and entrain small fractions of dense material. This erosion is however very small. We extended the calculation to 9 billion years and the reservoirs in the lower mantle were still present, with a similar structure as in Fig. 1 . An interesting difference, compared to similar calculations in 3-D Cartesian geometry (Deschamps & Tackley 2008 , is that many plumes are located on the edges of the reservoirs. This is consistent with the observation that most of the deep rooted hotspots are generated on the edges of the low shear wave velocity provinces (e.g. Torsvik et al. 2008) , and with previous models of thermochemical convection (e.g. Tan et al. 2011) .
The flow pattern is time dependent. After they formed, plumes remain the same position for some period of time. They then disappear and are replaced by newly formed plumes located elsewhere. At each time step, however, most of the plumes are located at the margins instead of the central area of the dense reservoirs. The detailed location of plumes is likely related to the detailed dynamics of the dense reservoirs, and the temperature distribution within them. In addition, cold downwellings arriving at the bottom of the shell play an important role by pushing away chemical piles. A full understanding of the plume distribution at the top of the dense reservoirs requires a detailed study of the dynamics of these reservoirs, which is beyond the scope of this paper.
Effects of buoyancy ratio
We present a series of experiments with the buoyancy ratio between 0.1 and 0.5 (cases 2 to 8). According to the parameters listed in Table 1 , this leads to density contrasts between 41 and 206 kg m −3 . Other parameters are the same as in the reference case.
We observe significant changes in the stability and structure of the system, depending on B. For buoyancy ratios smaller than 0.20, the dense material is quickly swept around by mantle convection (Fig. 2a) , and entrained upwards in the shell. Dense and regular material mix efficiently after the onset of convection. The thermal structure is dominated by large plumes that are generated at the bottom of the shell, rise upwards and spread out beneath the phase transition (Fig. 2c) . Above this transition, secondary plumes rising up to the surface are generated.
For intermediate buoyancy ratios (B = 0.20-0.36), large thermochemical reservoirs are generated at the bottom of the shell and remain stable for periods of time comparable to the age of the Earth. Clearly, the thermochemical structure varies strongly with B (Figs 2d-i) . Dense reservoirs have substantial topography for cases with smaller B (around 0.2-0.3), while the dense material tends to flatten and spread above the CMB with increasing B. Despite their different shapes, these structures are dominated by long wavelengths, as indicated by spectral heterogeneity maps (Fig. 3) . After they have formed, these long wavelengths thermochemical structures remain stable during the rest of the experiments.
For larger buoyancy ratios (>0.36), reservoirs remain stable during the whole run time without forming large topography structures, but with no ubiquitous layer surrounding the core, due to the small fraction of dense material (X vol = 3.5 per cent) used in these experiments ( Fig. 2j-l) . A fully core-covering dense layer can be obtained only with both a large buoyancy ratio (B > 0.4) and a large volume This series of experiments indicates that, as observed in Cartesian geometry (Tackley 1998; Davaille 1999; Jaupart et al. 2007; Deschamps & Tackley 2009 ), the buoyancy ratio is the main parameter controlling the stability of the dense material. Low values of this parameter lead to efficient mixing of the initial dense layer with the rest of the shell, whereas large values induce stable layering (Figs 2-4) .
Note that B as defined in this paper uses the thermal expansivity at the top of the mantle, which is five times larger than the thermal expansivity at the base of the mantle (Table 1) . If B were instead defined using thermal expansivity at the base of the mantle, which is where the balance between thermal and compositional buoyancy matters in our experiments, then the boundary between rapid layer overturn and long-term stable reservoirs occurs at a B of around 1.0, as expected from previous works in which expansivity was not depth dependent. For further discussions on this see (e.g. Tackley 1998).
Effects of the thermal viscosity contrast
In cases 9-13, we performed runs with values of E a from 0 to 23.03, which potentially correspond to thermal viscosity contrast ( η T ) from 1 to 10 10 . However, due to the temperature offset (eq. 2), the effective thermal viscosity contrast is lower, which avoids the system operating in stagnant-lid mode. Instead, the system is in a sluggish lid regime which tends to generate long wavelength convection (Tackley et al. 1993; Tackley 1996) . The buoyancy ratio was fixed at B = 0.30. Again, strong changes in the thermochemical structure are observed, depending on the value of η T (Fig. 5) .
First, it should be noted that the onset time of mantle convection (t onset ) increases with the thermal viscosity contrast ( η T ) (Fig. 7) . Meanwhile, the stability of dense reservoirs increases with increasing thermal viscosity contrast. For thermal viscosity contrasts smaller than 10 6 , the layer of dense material becomes unstable after a non-dimensional time of less than 10 −3 (Fig. 7) . Dense material is swept upwards, and quickly mixes with the regular material (plots a,b,d and e in Fig. 5 ). For thermal viscosity contrasts larger than 10 8 , reservoirs of dense material are generated and remain stable in the lower mantle during the entire run.
For intermediate thermal viscosity contrasts in the range 10 6 -10 8 , the onset time of the convection is larger than in cases with small thermal viscosity contrasts, and the structure of dense reservoirs is substantially different. Fig. 5 indicates that smaller thermal viscosity contrast leads to sharp edges at the boundary, whereas for larger thermal viscosity contrast, the dense reservoirs are flatter and cover a larger fraction of the CMB. Also, the mixing of the dense material and regular material becomes less efficient with increasing thermal viscosity contrast. Fig. 6, which shows spectral heterogeneities maps (SHM) of the compositional field, indicates that long wavelength structures are more easily generated with large η T . In contrast, the cases with small η T are dominated by short wavelength structures.
Furthermore, increasing thermal viscosity contrast flattens the topography of the dense reservoirs (Fig. 7) , an observation that agrees with previous studies (Bower et al. 2013) . The thermal viscosity contrast thus has a strong influence on the stability and shape of reservoirs of dense material. Large contrasts, corresponding to a strongly temperature-dependent viscosity, are needed to maintain reservoirs of dense material in the lower mantle. This is consistent with results obtained in 3-D Cartesian geometry (Deschamps & 
Tackley 2008
). An important difference is that larger contrasts are needed in spherical geometry than in 3-D Cartesian geometry. Our study indicates that contrasts in the range 10 8 -10 10 (which refers to E a between 18.42 and 23.03), maintain stable reservoirs more easily and are therefore more likely for the Earth's mantle.
Taking T S = 2500 K and R = 8.32, the thermal viscosity contrast we imposed in our reference case (E a = 20.723) is equivalent to an activation energy of about 435 kJ mol −1 . Thermal viscosity contrasts of 10 8 and 10 10 correspond to activation energies of 390 and 480 kJ mol −1 , respectively, which are in the range of deep mantle activation energies for MgO and perovskite derived by Yamazaki & Karato (2001) as well as the top-of-lower-mantle value for perovskite measured by Holzapfel et al. (2005) , but lower than ab initio calculations for perovskite determined by Ammann et al. (2009) .
Effects of volume fraction of dense material
In cases 14 to 25, we performed experiments with fixed buoyancy ratio and thermal viscosity contrast, but varied the volume fraction of dense material from 2.5 per cent, which is representative of the LLSVP volume (e.g. Hernlund & Houser 2008) , to 15 per cent. Note that large values of volume fraction (>10 per cent) are not realistic for the Earth's mantle, but we consider them to better understand the influence of this parameter.
For small thermal viscosity contrast (<10 6 ) and/or small buoyancy ratio (<0.20), the layer of dense material becomes unstable and is swept into the upper mantle quickly after the onset of convection, whatever the volume fraction we imposed. In contrast, for large thermal viscosity contrast (>10 8 ), changing the volume fraction does not substantially modify the stability and structure of the reservoirs of dense material (e.g. cases with B = 0.30, η T = 10 9 for which only h c are plotted in Fig. 10 ).
For intermediate thermal viscosity contrasts (between 10 6 and 10 8 ), the volume fraction of dense material plays a role, although a second-order role compared to that of the buoyancy ratio. Indeed, a comparison between Figs 8 and 9 indicates that the volume fraction of dense material has a stronger influence on the stability and structure of dense reservoirs when the buoyancy ratio is lower.
Our results also show that with a small volume fraction of dense material (i.e. X vol < 3.5 per cent), it may be very difficult to get a stable layer of dense material fully covering the CMB, because the cold downwellings which subduct to the deep mantle are strong enough to break and push aside the dense material.
An interesting difference, compared to calculations in 3-D Cartesian geometry (Deschamps & Tackley 2009 ) is the distribution of the plumes. First, it should be noted that in both geometries, the locations of plumes are related to the dense reservoirs (i.e. we do not observe plumes rising from locations outside these reservoirs), regardless of the volume fraction of dense material. However, in 3-D Cartesian calculations, most of the plumes rise from the area located in the central region of the dense reservoirs. In our calculations, by contrast, the locations of plumes strongly depend on volume fraction of dense material (Fig. 11) . For a large volume fraction (e.g. 10 per cent or larger), plumes are mostly located on the central area of these reservoirs. In contrast, for volume fractions lower than 5 per cent, most of plumes are located on the edges of the dense reservoirs, and only a few plumes still rise from the central Figure 11 . Snapshot of cases with B = 0.30, η T = 10 9 , t = 0.0117 (4.5 Gyr) and (from left to right): X vol = 3.5, 10 per cent. A combination of isosurface of the composition C = 0.5 and non-dimensional temperature T = 0.6 to show the locations of the hot plumes from the dense reservoirs.
parts. This is consistent with the observations that the reconstructed positions of large igneous provinces are preferentially located at the margins of the LLSVPs (e.g. Torsvik et al. 2006) . However, it is also important to note that all plumes do not necessarily rise from the edges of LLSVPs. Our experiments show that plumes may also be generated within dense reservoirs, and reconstructed LIPs do not all fit on the margins of LLSPVs, but may also found within the LLSVPs. A recent analysis (Austermann et al. 2014) further suggest that there is no significant correlation between the locations of plumes and margins of LLSVPs. Finally, thermal winds may slightly shift the surface expression of hotspots away from their root in the deep mantle (Fig. 11) . However, a full understanding of the plume distribution requires studying the coupled dynamics of dense reservoirs and cold downwellings in more detail, which is beyond the scope of this study.
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Effects of the chemical viscosity contrast
Another parameter controlling the rheology of the fluid is the chemical viscosity contrast between dense and regular materials, which may influence the detailed shape of the reservoir (Deschamps & Tackley 2008 ). In cases 26-33, we performed experiments in which the chemical viscosity contrast is varied between 0.03 and 100.
For cases with a small buoyancy ratio (B = 0.20) and large thermal viscosity contrast (10 9 ), the chemical viscosity contrast has a substantial influence on the thermochemical structure of the system (Fig. 12) . The dense reservoirs have larger topography with increasing value of η C . Note that in the cases shown in Fig. 12 , because the buoyancy ratio is relatively small, the reservoirs are not very stable. For cases with a larger buoyancy ratio (B = 0.30), dense reservoirs are more stable and the chemical viscosity contrast plays only a second-order role (Fig. 13 ). Additional calculations with B = 0.30 show that dense reservoirs become unstable only for smaller values of the thermal viscosity contrast (around 10 4 ) and smaller values of the chemical density contrast (10 −1 ). This series of experiments indicates that the chemical viscosity contrast plays a second-order role on the stability of the dense reservoirs. It however slightly modifies the shape of the reservoirs by controlling its detailed topography, with both the topography and the steepness of the reservoirs increasing with increasing η C (Fig. 12 ).
Effects of the phase transition at 660 km depth
Because it opposes the cold downwellings and hot upwellings, an endothermic phase transition, such as the spinel-to-perovskite and periclase/wustite transition at 660 km depth, is likely to have a strong effect on the mantle flow pattern. Models of thermal convection indicate that slabs may penetrate below an endothermic phase transition through episodic avalanches (e.g. Machetel & Weber 1991; Tackley et al. 1993; Wolstencroft & Davies 2011) . Experiments in 2-D Cartesian geometry have further suggested that if its Clapeyron slope is large enough, an endothermic phase transition may induce compositional layering by trapping dense material below the phase transition (Weinstein 1992) . More recently, several models have pointed out that the 660 km discontinuity acts as a filter for dense material entrained by hot plumes (Deschamps & Tackley 2009; van Summeren et al. 2009; Deschamps et al. 2011) . The detail effect of the 660 km phase transition on plumes is however still debated, due to the multiple phase change occurring at these depths. It has for instance been pointed out that hot material may go through an exothermic phase transition at 660 km (Hirose 2002) . In cases 34-39, we performed a series of experiments with a Clapeyron slope ( 660 ) between 0 and −5 MPa K −1 , corresponding to non-dimensional values between 0 and −0.1336 (Figs 14 and 15) . Note that in all experiments we impose a viscosity jump of 30 at the phase transition.
In models with a small buoyancy ratio (B = 0.20), in which the layer of dense material is unstable, and a Clapeyron slopes between 0 and −1.25 MPa K −1 , the dense material entrained by plumes crosses the 660-km phase transition without significant filtering. When the Clapeyron slope is set to 0, plumes remain unaffected and a substantial part of the dense material is entering the upper mantle ( Fig. 14a and b) . With increasing magnitude of Clapeyron slope, the plumes spread out below the phase transition. Small secondary plumes are generated above the transition and rise towards the surface. Most of the dense material is trapped below the transition zone, but a small fraction is entrained above this transition by the secondary plumes ( Fig. 14d and e) . Fig. 16 indicates that the fraction of primordial material in the upper mantle decreases by about 30 per cent when the Clapeyron slope increases strength from 0 to −2.5 MPa K −1 . Interestingly, a large Clapeyron slope of around −5.0 MPa K −1 triggers a double layering (plots g and h in Fig. 14) . First, plumes rising from the bottom of the shell and downwellings sinking from the surface are stopped below and above the phase transition, respectively, inducing a stratification of the system, that is convection operates separately in the shells below and above the transition. As a consequence, the dense material is trapped below the phase transition. Second, because of this layering convection in the bottom shell is less vigorous (the thickness of each subshells, hence the Rayleigh numbers, are smaller) which in turn increases the stability of the layer of dense material. Note, however, that such a large negative Clapeyron slope is not applicable to the Earth. If the dense reservoirs are more stable due to larger buoyancy ratio (Fig. 15) , only a small amount of dense material is entrained upwards by plumes. This dense material is further filtered by the transition zone, provided that the Clapeyron slope at 660 km depth is large enough. A Clapeyron slope of −2.5 MPa K −1 can reduce the entrainment to the upper mantle by around 30 per cent to 40 per cent. Again, if the Clapeyron slope is too large, the system is stratified and all the dense material remains trapped below the phase transition.
C O N C L U D I N G D I S C U S S I O N
In this study, we perform numerical experiments of thermochemical mantle convection in 3-D spherical geometry to identify the parameters that control the thermochemical structure and dynamics of the system. Our findings generally show that the conclusions drawn from studies in 3-D Cartesian geometry (Deschamps & Tackley 2008 , are also valid in 3-D spherical geometry. They also agree with previous experiments in 3-D-spherical geometry (McNamara & Zhong 2004) . Our systematic search allows us to identify the parameter range needed to maintain reservoirs of dense material for a period of time comparable to the age of the Earth, without them mixing with the surrounding mantle.
Maintaining reservoirs of dense material requires both moderate chemical buoyancy ratio and a large thermal viscosity contrast. A large buoyancy ratio leads to global chemical stratification of the system with a stable layer of dense material covering the CMB. This structure does not fit seismological observations, because it induces a discontinuity in the radial model of seismic velocity, which is not observed. Furthermore, the mantle beneath the discontinuity would appear to be homogeneous, whereas tomographic models report strong lateral variations. A low buoyancy ratio favours quick mixing between the dense and regular material, leading to a chemically homogeneous mantle. At least in the lowermost mantle, seismological observations imply the presence of strong chemical heterogeneities. For intermediate buoyancy ratios, reservoirs form due to the dense material being swept away from downwellings, but keeping them stable requires a large thermal viscosity contrast. Our study indicates that such structures may be obtained with a buoyancy ratio between 0.2 and 0.36 (which, if taking a superadiabatic jump of 2500 K, corresponds to a chemical density difference between 80 and 145 kg m −3 ). This is in agreement with current estimates of density anomalies in the lower mantle (Trampert et al. 2004; Mosca et al. 2012) . A large thermal viscosity contrast also helps in building long wavelength structures dominated by spherical harmonic degree 2. Note that (Tan et al. 2011 ) explored other combinations of parameters and found that higher bulk modulus also helps in keeping the reservoir stable and maintaining sharp edges.
Our numerical experiments further indicate that the volume fraction of dense material plays a second-order role in controlling the stability and structure of dense materials. This is consistent with previous analogue (Jaupart et al. 2007 ) and numerical (McNamara & Zhong 2004) experiments. Interestingly, if the thermal viscosity contrast and the buoyancy ratio both have intermediate values, the effect of the volume fraction is more pronounced. In the case of the Earth's mantle, the volume fraction of initial dense material is still poorly constrained. A crude estimate inferred from the volume of LLSVPs suggests a value in the range 1.5-3 per cent at the present day. This is consistent with with our results, which suggest that the most likely value of the volume fraction of dense material (in the sense that the reservoirs' geometry matches that of LLSVPs) is lower than 5 per cent. For these values, the initial thickness of the dense material is between 200 and 400 km, and the height of the dense reservoirs reaches 500-800 km above CMB, consistent with the height of LLSVPs observed by most of the tomography models (e.g. Masters et al. 2000; Houser et al. 2008; Ritsema et al. 2011) .
More interestingly, our 3-D spherical experiments indicate that the volume fraction of dense material influences the distribution of plumes. For values of the volume fraction of 10 per cent and higher, plumes are located near the centre of the reservoirs and along central ridges. By contrast, for volume fractions less than 5 per cent, plumes are mostly located on the edges of the dense reservoirs. Reducing the volume fraction of dense material is therefore consistent with observation from palaeomagnetic data that suggest that plumes originate from the edges of LLSVPs (Burke & Torsvik 2004; Torsvik et al. 2008 Torsvik et al. , 2010 . Note that models that impose surface velocity from models of reconstructed plate motion (McNamara & Zhong 2005; Zhang et al. 2010; Bower et al. 2013 ) also reproduce some of the observed characteristics of LLSVPs, including locally sharp edges (Ni et al. 2002) , and the concentration of plumes near the edges of the reservoirs (Torsvik et al. 2008 (Torsvik et al. , 2010 . Therefore, to fit the shape of LLSVPs best and to explain the location of hotpots as reconstructed by palaeomagnetic data, the volume fraction of dense material should not be larger than 5 per cent, equivalent to an initial thickness of dense material of about 300 km.
Although a phase transition at 660 km acts as a filter for dense materials, the strong cold downwellings can cross this phase transition and reach the CMB in most of the experiments we performed. The hot upwellings, on the contrary, are blocked below the phase transition, and smaller plumes are generated above the phase transition. The filtering of dense material depends on the value of the Clapeyron slope of this transition. For a Clapeyron slope of −2.5 MPa K −1 , which is the expected value for the transition from ringwoodite to perovskite and periclase, most of the dense material remains trapped below the phase transition, but a small fraction of dense material penetrates into the upper shell and is entrained upwards to the surface. Interestingly, numerical experiments in 3-D Cartesian geometry (Deschamps et al. 2011) have shown that the entrainment of dense material by upper mantle plumes is consistent with the geochemical signature of ocean island basalts. Larger values of the Clapeyron slope (< −4 MPa K −1 ) lead to layered convection, and thus keep the primordial dense material in the lower mantle, favouring chemical layering at the bottom of the system. This does not fit the seismic observations for the Earth's mantle. Furthermore, such large values of the Clapeyron slope at 660 km are unrealistic in the case of the Earth's mantle. The real effect of the 660 km transition is further complicated by multiple phase transition around this depth. In addition, mineral physics experiments indicate that plumes, because they are hot, may experience an exothermic phase transition (Hirose 2002) , thus cancelling or reducing the filtering effect of this transition. It is important to note, however, that a positive Clapeyron slope does not influence the stability of the reservoirs of dense material, which remains mainly controlled by the buoyancy ratio.
Chemical viscosity contrast (between dense and regular materials) has a limited effect on the stability of reservoirs. Increasing the chemical viscosity contrast leads to larger topography and a sharper compositional boundary, and induces less entrainment of dense material into the surrounding mantle. It does, however, have an effect on layer morphology, as previously noted by McNamara & Zhong (2004) . They found that if the dense material is less viscous then it tends to form ridges, whereas if it is more viscous then it tends to form domes. Our results (Fig. 12 ) are broadly consistent with this although in detail our obtained morphologies are somewhat different because our model is compressible rather than Boussinesq as in McNamara & Zhong (2004) .
A detailed comparison between the thermochemical structures predicted by our models and seismic tomography would require an accurate equation of state modelling and mineral physics data to convert our temperature and compositional distributions in seismic velocity anomalies, and appropriate filtering of these distributions to match the resolution of global tomographic models. This is beyond the scope of this paper, but general comments may be drawn from the spectral heterogeneity maps issued from our models. In global tomographic models the lowermost mantle is clearly dominated by large-scale structures (spherical harmonic degrees 6 and less). The mid mantle appear mostly homogeneous, and strong anomalies are observed again close to the surface. According to our model search, basal large-scale thermochemical structures (dominated by degree 2) can be obtained by models that include a moderate buoyancy ratio and a large thermal viscosity contrast (Figs 3 and 6 ). Such models further predict no chemical anomalies in the mid and small thermal anomalies in the mid mantle, which would lead to a seismically homogeneous mantle. Below the surface, the spreading of plumes induces strong temperature anomalies that may partly explain the observed tomography (another source of tomographic anomalies in the uppermost mantle that is not taken into account in our models is the dichotomy between oceans and continents, which persist down to about 300 km depth). Models with lower buoyancy ratio and/or smaller thermal viscosity contrasts, in which primordial and regular materials mix efficiently, lead to thermochemical structures that are dominated by smaller scale anomalies throughout the mantle including in the mid-mantle (1st and 2nd row in Fig. 6 ), and are therefore unlikely to fit tomographic maps. Assuming that the primordial reservoirs are enriched in iron, a rough estimate of the seismic velocity anomaly generated by these reservoirs may further be calculated. Taking a superadiabatic jump of 2500 K (i.e. accounting for the adiabatic contribution, a total temperature increase around 3500 K), the lateral thermal anomalies predicted by our models with large-scale structures vary with depth and case ( Fig. S2 ; see next paragraph for details of the calculations). For cases in which reservoirs of dense material are maintained, temperature anomalies are typically around ±500 K. Assuming that the reservoirs of dense material are further enriched in iron by about 3 per cent compared to the surrounding material, as suggested by probabilistic tomography (Trampert et al. 2004; Mosca et al. 2012) , and converting the thermochemical structure with sensitivities calculated by Deschamps et al. (2012) from an appropriate mineral physics data set, this would lead to shear wave velocity anomalies around −2.5 per cent, typical of what is observed in LLSVP.
We have further calculated the temperature excess in plumes for the cases discussed in this paper. Defining the plume boundary is subjective. Here, we used a definition similar to that of Labrosse (2002) , which assume that a point is located within a plume if the temperature at this point is larger than
where T m (z) and T max (z) are the horizontally averaged and maximum temperature at height z, and c a constant, which we fix here to c = 0.5, based on previous estimates in 3-D Cartesian geometry (see Supporting Information in Deschamps et al. 2011) . We then define the average plume temperature and the excess temperature of plumes as
The excess temperatures at height z = 0.90 (corresponding to 290 km below the surface) are in the range of 250-400 K, depending on the cases. Supporting Information Fig. S2 shows radial profiles of the absolute maximum excess temperatures for selected cases. Several conclusions may be drawn from these profiles. For all the cases that can maintain stable primordial reservoirs, the excess temperature in the upper mantle does not vary substantially. In cases in which reservoirs are not stable, that is are entrained the upper mantle, the excess temperatures in the upper mantle increase. In the lower mantle: larger buoyancy ratios lead to smaller excess temperature, whereas larger thermal viscosity contrasts lead to smaller excess temperature. The volume fraction of primordial material mainly affects the depth at which the peak of excess temperature is located, with larger volume fractions leading to shallower depths. The excess temperature slightly decreases with chemical viscosity contrast. Finally, large values of the Clapeyron slope (i.e. −5.0 MPa K −1 ) lead to small excess temperature, whereas small values of this parameter do not significantly affect the excess temperature.
Due to its large uncertainties, the phase change from perovskite to post-perovskite was not investigated in this study. This transition may, however, occur in Earth's lowermost mantle just above CMB (Murakami et al. 2004; Oganov & Ono 2004) . Previous numerical studies suggested that this phase change may have important implications in terms of dynamics and evolution of the Earth's mantle (e.g. Nakagawa & Tackley 2004 , 2006 Zhang & Zhong 2011; Samuel & Tosi 2012) . Experimental studies (Yoshino & Yamazaki 2007; Hunt et al. 2009 ) and first principle calculations of atomic diffusion (Ammann et al. 2010) indicate that postperovskite is less viscous than perovskite by a factor of O(10 −3 ) to O(10 −4 ). Since post-perovskite is most likely to lie outside dense reservoirs (because these reservoirs are hot, and thus outside the stability field of post-perovskite), the effect of chemical viscosity contrast, which we explored in this study, may be important in explaining the shape of LLSVPs. It has also been suggested that small lenses of post-perovskite may exist within the LLSVPs (e.g. Lay et al. 2006; Tackley et al. 2007 ). Due to its dependence on composition in oxides, iron-rich perovskite may be able to transform at higher temperature in LLSVPs than outside these regions. This would lead to the formation of iron-rich post-perovskite lenses, which have been proposed as a candidate to explain the ultralow velocity zones observed by seismologists (Mao et al. 2006) . Hence, finer models of lowermost mantle structure and dynamics would require accounting for the phase change of perovskite to post-perovskite. Previous studies (e.g. Nakagawa & Tackley 2011; Zhang & Zhong 2011; Samuel & Tosi 2012; Hunt et al. 2012) have found that it has a first-order effect on convective vigour and heat flow.
Seismological studies clearly show that cold slabs can reach the bottom of the mantle. These slabs bring recycled MORB into the lowermost mantle, which may accumulate there. This constitutes another possible source of chemical heterogeneity at the bottom of the mantle (e.g. Nakagawa et al. 2010) . Furthermore, this recycled MORB may interact with the reservoirs of dense primordial material and modify the thermochemical structure of the lower mantle and its dynamics. The Basal Melange hypothesis (Tackley 2012) proposes that small fractions of MORB are regularly incorporated in pre-existing primordial reservoirs. High-resolution 2-D Cartesian models of thermochemical convection further show that small fractions of MORB are incorporated in primordial reservoirs and are subsequently partially re-entrained towards the surface by plumes generated at the top of the primordial reservoir (Li et al. 2014) . In order to investigate the interaction of recycled MORB with primordial dense material, a three-compositional-component system is required (e.g. Nakagawa & Tackley 2014 ).
S U P P O RT I N G I N F O R M AT I O N
Additional Supporting Information may be found in the online version of this article: Figure S1 . 1-D viscosity profile for the reference case. The black, blue, and red curves show the horizontally averaged viscosity, the maximum and minimum viscosity, respectively. Figure S2 . Radial profiles of the excess temperature in plumes for the cases in Table 2 (http://mnras.oxfordjournals.org/lookup/suppl/ doi:10.1093/mnras/ggu295/-/DC1).
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